In this work we present a robust quantification of X-ray selected AGN in local (z ≤ 0.25) dwarf galaxies (M * ≤ 3 × 10 9 M ). We define a parent sample of 4,331 dwarf galaxies found within the footprint of both the MPA-JHU galaxy catalogue (based on SDSS DR8) and 3XMM DR7, performed a careful review of the data to remove misidentifications and produced a sample of 61 dwarf galaxies that exhibit nuclear X-ray activity indicative of an AGN. We examine the optical emission line ratios of our X-ray selected sample and find that optical AGN diagnostics fail to identify 85% of the sources. We then calculated the growth rates of the black holes powering our AGN in terms of their specific accretion rates (∝ L X /M * , an approximate tracer of the Eddington ratio). Within our observed sample, we found a wide range of specific accretion rates. After correcting the observed sample for the varying sensitivity of 3XMM, we found further evidence for a wide range of X-ray luminosities and specific accretion rates, described by a power law. Using this corrected AGN sample we also define an AGN fraction describing their relative incidence within the parent sample. We found the AGN fraction increases with host galaxy mass (up to ≈ 6%) for galaxies with X-ray luminosities between 10 39 erg/s and 10 42 erg/s, and by extrapolating the power law to higher luminosities, we found evidence to suggest the fraction of luminous AGN (L X ≥ 10 42.4 erg/s) is constant out to z ≈ 0.7.
INTRODUCTION
Supermassive black holes (SMBHs) have been known to exist at the centre of massive galaxies with a bulge for some time (Kormendy & Ho 2013) however as one goes down the mass scale, the ubiquity of such objects becomes more uncertain.
Quantifying the fraction of dwarf galaxies with an active galactic nucleus (AGN) allows a lower limit to be established on the fraction that contain black holes. Some dwarf galaxies have much lower metallicity relative to their high mass counterparts and have not tidally interacted with their neighbours meaning they can be considered an analogue for galaxies in the high redshift Universe (Bellovary et al. 2011 ). Thus we can use information about their AGN content to provide insights into the possible mechanisms that form the seeds of supermassive black holes in the the very early universe. Black hole formation from stellar collapse is possible at all redshifts but the early universe contained low metallicity gas in abundance which facilitated the growth of more massive Population E-mail: klb64@leicester.ac.uk III stars. After collapsing into stellar mass black hole seeds (Madau & Rees 2001) they could have undergone a series of intermittent super-Eddington accretion episodes (Madau et al. 2014) or merged with other seeds to form more massive black holes (Miller & Davies 2012) . Inefficient gas cooling can also prevent star formation from occurring, thus allowing black holes to form from the the direct collapse of a proto-galactic dust cloud (Begelman et al. 2006) . Crucially, however the low angular momentum gas required for this method of formation only existed in sufficient quantities in the early Universe. As disk-like structures began to form, the gas within would gain angular momentum and become less likely to collapse and form a black hole. Thus if direct collapse were the dominant seeding mechanism then the fraction of dwarf galaxies hosting black holes is expected to be much lower than if the Population III stellar seeding mechanism was dominant (Greene 2012) . For a more in-depth review of black hole formation mechanisms see the review by Latif & Ferrara (2016) .
Black holes can be identified within massive galaxies using dynamical methods, however current technological limits mean these methods are difficult to apply at lower galactic masses. Consequently, more indirect approaches have to be adopted. Identifying the presence of AGN in dwarf galaxies has become an area of growing interest to assess the black hole population in dwarf galaxies. There is increasing evidence, across a range of wavelengths to show that at least a small number of AGN do exist within this mass range (see review by Reines & Comastri (2016) ). Some of the first large-scale studies into this area focused on optical emission (Reines et al. 2013) identifying black holes through a combination of identifying broad line emission and measuring line strength. However, the effectiveness of this method can be limited by obscuration from dust or star formation signatures.
AGN emission in the X-ray band generally dominates over other sources and is less easily obscured. A number of studies have had success in using this emission to identify the presence of AGN in dwarf galaxies (e.g. Reines et al. (2011) ; Lemons et al. (2015) ; Pardo et al. (2016) ; Paggi et al. (2016) ; Mezcua et al. (2016) ; Mezcua et al. (2018) ). However, the techniques employed are not free from problems. Lower mass galaxies, like the ones being studied, tend to host lower mass central black holes hence less luminous emission is expected. This difficulty can also be compounded if the AGN being studied are very weakly accreting. The biggest challenge for studies like these is to rule out emission from other potential X-ray sources.
This paper presents one of the first large-scale and robust quantification of AGN in local dwarf galaxies. Our work uses an unbiased sample, being based on the XMM-Newton Serendipitous X-ray Survey and the SDSS which covers a large sky area. First we describe the construction of such a sample of local (z ≤ 0.25) dwarf galaxies that possibly host AGN (section 2). Next we analyse the properties of that emission to refine our sample to the most likely hosts (section 3). To better understand the AGN identified this way and the environments they inhabit we perform a series of follow-up measurements. We compare the effectiveness of optical identification methods to see if they correctly identify our X-ray selected AGN hosts (section 4). Next, to gain more of an insight into the environment of our AGN, we then calculate the accretion rates of their central SMBHs (section 5). Finally, we characterise the variable sensitivity limits of 3XMM, from which we can better understand the underlying distribution of AGN in dwarf galaxies (section 6). This allows us to investigate the population's AGN fraction as a function of host galaxy mass and redshift (section 7). Throughout, we assume Friedman-Robertson-Walker cosmology in this paper with Ω = 0.3, Λ = 0.7 and H 0 = 70 km s −1 Mpc −1 .
CONSTRUCTING THE DWARF GALAXY SAMPLE
What follows is a description of the construction of a sample of dwarf galaxies potentially hosting an AGN. First, a parent galaxy sample is isolated from the MPA-JHU catalogue, an SDSS value-added catalogue 1 . Next, these objects are 1 Available at http://www.mpa-garching.mpg.de/SDSS/DR7/ position matched to serendipitous sources found in 3XMM (Rosen et al. 2016 ) and followed up with a visual assessment.
MPA-JHU
Optical photometry and spectroscopy covering 9274 deg 2 of the sky can be found in the Sloan Digital Sky Survey Data Release 8 (SDSS DR8). The MPA-JHU catalogue provides derived estimates of galaxy properties such as stellar mass, star formation rate (SFR) and emission line fluxes, for 1,472,583 objects in this release. Stellar masses are provided by the MPA-JHU catalogue whose method is based on that described in Kauffmann et al. (2003a) .The MPA-JHU catalogue analysis uses template spectra made from a linear combination of single stellar population models generated using the Bruzual & Charlot (2003) code. These models consider 10 possible ages -from 0.005 to 10 Gyr -and 4 possible metallicites -from 0.25 to 2.4 Z . They model galaxies as a single metallicity population with the chosen model being the one that yields the minimum χ 2 . They then subtract this from the observed spectrum and the remaining emission lines are modelled as Gaussians. Rather than simply taking the model with the best χ 2 , it employs a Monte-Carlo fitting technique and produces a probability distribution for each observed and subsequently calculated property; the most likely value being the median of the distribution. Given the size of the SDSS fibre aperture, the spectral flux measurements required by Kauffmann et al. (2003a) would be dominated by light from the galactic centre if based on SDSS spectroscopy. Instead, the ugriz photometry from the full extent of the galaxy is used, and the total stellar mass is calculated by fitting to model magnitudes. A Kroupa (2001) initial mass function is assumed. For this study we define a dwarf galaxy as having a stellar mass M * ≤ 3 × 10 9 M . Throughout, the median of the mass probability distribution from the MPA-JHU catalogue is used as our mass value. Applying our dwarf galaxy threshold to this mass entry returns 65,461 galaxies.
MPA-JHU only consists of objects spectroscopically classified as galaxies by the SDSS -those with absorption lines or emission lines with widths < 200 km s −1 Mpc −1 . To check if objects identified as broad-line AGN are being excluded from our dwarf galaxy sample we also searched the Shen et al. (2011) SDSS DR7 quasar catalogue. It provides estimates of the central black hole masses using virial techniques. Here, we adopt scaling relations to estimate the total stellar masses of the host galaxies of these quasars and thus determine if any would enter our dwarf galaxy sample. We adopt a fiducial scaling between BH mass and bulge mass of M BH = 0.002M bulge , and, conservatively, assume that the bulge mass corresponds to the total stellar mass of the host galaxy. Using our dwarf galaxy threshold, we find an upper black hole mass of ≤ 10 6.8 M . Reines & Volonteri (2015) relate a galaxy's stellar mass to the mass of central black hole in the following way, log(M BH /M ) = 7.45 + 1.05 log(M * /10 11 M ). This relationship was derived using a sample of AGN; their masses were calculated using either broad line widths, reverberation mapping or dynamical methods. The Reines & Volonteri (2015) relationship predicts a upper black hole mass limit of ≤ 10 5.9 M . Whichever relationship is used, the outcome is the same: none of the Shen et al. (2011) objects have black hole masses close to these values. Thus, MPA-JHU is the sole catalogue used in this paper.
In addition to the dwarf galaxy sample, we also define a sample of comparison galaxies whose mass limit is M * > 1 × 10 10 M given the high incidence of AGN in higher mass galaxies. This high mass sample is only used as a comparison point to our dwarf galaxy sample from MPA-JHU and thus we do not add any broad-line objects from the Shen et al. catalogue.
As with the mass, SFR is measured using fits to the spectral energy distribution based on photometry from the full extent of the galaxy taken from the SDSS and GALEX (UV; Martin et al. (2005) ). MPA-JHU SFRs are calculated using the method outlined in Salim et al. (2007) , who construct stellar population based on the Bruzual & Charlot (2003) population synthesis models and assume a Chabrier (2003) IMF. Star formation histories were not single stellar populations, but the combination of an exponentially declining continuous star formation ∝ e −γt , with 0 ≤ γ ≤ 1 Gyr −1 uniformly distributed across this range, and with random starbursts superimposed. These bursts were constructed such that the occurrence of a single event over the past 2 Gyr is 50% and had a duration uniformly distributed in the 30-300 Myr range. Once constructed, each model is subjected to the Charlot & Fall (2000) dust attenuation model. The model SEDs at the redshift closest to the galaxy in question are, in turn, compared and their χ 2 values evaluated. From this a probability distribution corresponding to a range of possible SFRs is produced. Throughout, the median of that SFR probability distribution is used as our SFR value. Naturally, not all the observations are uniform in their quality so the sample had to be refined: 835,861 objects with a "good" photometric reliability flag were selected. This indicated valid results from the photometric fits applied by the MPA-JHU team thus producing a usable mass measurement. However, before we can identify their AGN content the X-ray data must first be considered.
XMM-Newton
The X-ray data used in this study comes from the 3XMM DR7 catalogue released in 2017 (Rosen et al. 2016) . It is based on 9,710 pointed observations with the XMM-Newton EPIC cameras which have a field of view ≈ 30' and cover the energy range ∼ 0.2 − 12 keV. DR7 contains ∼ 400, 000 unique X-ray sources based on 727,790 individual detections. Typical position errors for DR7 are ≈ 1.5 arcsec. (1σ) and extend down to a flux limit of ≈ 10 −15 erg cm −2 s −1 . 3XMM's angular resolution depends on the instrument in use: the PN detector has a FWHM of ∼ 6" and HEW of ∼ 16"; the MOS detectors have a FWHM of ∼ 5" and HEW of ∼ 15". For our study we use the unique source list rather than the individual detections. Our results are thus averaged over several individual observations for a significant number of sources. Using the data from this release, we performed a sky match Figure 1 . Separation in arcseconds between the X-ray and optical signals for the 86 dwarf galaxies that meet the matching criteria outlined in section 2.3. 84% of the signals in this sample are matched within 5".
Figure 2.
Position-error-normalised separation distribution (dark blue) for the 86 dwarf galaxies that met the matching criteria and other match checks described in section 2.3. Poisson errors are assumed in the histogram bins. The Rayleigh distribution fit (red) has a σ = 1.4 implying an underestimation in the XMM positional errors, a result that has been noted previously (Watson et al. 2009 ). A sample of high mass galaxies (light blue) has undergone the same matching process and had its normalised separation scaled using the normalisation found from the Rayleigh fit.
to the optical positions of the entire MPA-JHU catalogue using a search radius of 10" around every X-ray object; this yielded 3,440 matches. From this sample we summed fluxes in the 2 -4.5 keV and 4.5 -12 keV bands and converted them to luminosities in the 2 -12 keV energy range using the MPA-JHU redshifts. Since these objects are at such a low redshift, no rest-frame correction was applied.
Identifying Candidate AGN-hosting Dwarf Galaxies
Using these X-ray active objects, a sample of possible AGNhosting dwarf galaxies could be found. First, a set of more robust matching criteria were established to improve the confidence of association between the optical and X-ray objects. For each dwarf galaxy/X-ray pair we calculated the position-error-normalised separation, x, as follows,
where d O,X is the separation between the X-ray and optical signals, and ∆ X is the error in the X-ray position. A dwarf galaxy was only considered a robust match if x < 3.5, giving a sample completeness of 99.8%. We also limited the extent of the X-ray source to less than 10" to ensure point-like emission consistent with an AGN (Rosen et al. 2016) . Applying this in conjunction with the M * ≤ 3 × 10 9 M mass threshold yields 101 possible hosts. Applying the same matching criteria to the high mass sample yields 2,237 matches.
By imposing the dwarf galaxy mass limit we could have removed higher mass objects with a smaller separation to the X-ray signal, resulting in a poorer dwarf galaxy match being included. To check if any better matches to excluded objects exist, we uploaded the 101 X-ray co-ordinates to the SDSS SciServer and compared them to the full SDSS DR8 to find their nearest neighbour. 11 X-ray signals were found to have smaller separations to a higher mass galaxy removed by imposing the dwarf galaxy mass limit during the matching process.
A visual assessment of the dwarf galaxy sample was performed. The optical images from the SDSS Finding Charts identified 3 sources that were extremely off-nuclear. If the photometry was constructed correctly for these objects then the refinement process outlined should have removed them, however this was not the case. We believed that in certain instances a galaxy that should not have passed our mass criterion was being broken into smaller sections and only having the MPA-JHU mass calculations applied to this small section. This was then matched to a nearby X-ray source, fooling our identification criteria into thinking it was a valid target. These 3 sources were removed from our sample leaving 87 dwarf galaxies with nuclear X-ray activity. This photometric fragmentation process has been observed in other, similar studies such as Sartori et al. (2015) .
A final assessment of the data found an object with extremely high redshift error. This was indicative of a poor fitting process leading us to doubt the accuracy of this object's data. It was removed leaving us with a final sample of 86 dwarf galaxies. Their distribution of separations between the X-ray and optical signals is shown in figure 1: 84% of these dwarf galaxies match an X-ray object within 5", and the median matching radius is 2.2". A sample of dwarf galaxy images, with their X-ray signals and position error overlaid, can be found in appendix A. Assuming a uniform distribution of the 65,461 dwarf galaxies in the SDSS area (9274 deg 2 ), we calculate a dwarf galaxy density of 7.05 deg −2 . We then highlighted 131,736 X-ray sources within the SDSS area, from which we removed extended sources with the same criterion used to create the dwarf galaxy sample. We then calculate the sky area covered by these sources assuming we perform radial searches centred on the remaining 122,834 X-ray sources out to a radius of 3.5 × ∆ X . Multiplying the total search area, 0.91 deg 2 , by the uniform dwarf galaxy density, tells us to expect about 6 false matches. Given a lot of these X-ray sources will already have well-defined counterparts, this value represents a conservative upper limit on the false match number.
As a final check of our position-error-normalised separation criterion, we plotted a distribution of this quantity for both samples of galaxies in figure 2 . The dark blue histogram shows the absolute values for the sample of 86 dwarf galaxies just identified, the light blue curve is the similarlyscaled high mass distribution. We perform a 1-D KS-test to compare this distribution to the expected distribution of XMM errors, given by the Rayleigh distribution. The KStest returned a p-value of 10 −4 , indicating the observed distribution is not consistent with the expected Rayleigh distribution, given the fiducial positional uncertainties provide in the 3XMM catalogue. To investigate whether the observed distribution was better described by a skewed Rayleigh function, we fit it to this equation,
where x is the position-error-normalised separation. The normalisation constant, N and σ value were both free and we assumed Poisson errors for the number of objects per bin. Figure 2 shows the results of this fitting: it was found that the skewed Rayleigh distribution (red) had a σ = 1.4, with a reduced χ 2 of 1.90, implying an underestimate of the X-ray errors. It is also clear that both the dwarf galaxy and high mass distributions are consistent with this error underestimation. The underestimation of errors is a known issue in 3XMM, as noted in (Watson et al. 2009 ). Given these positional uncertainties, our position-error-normalised separation criterion functions correctly, thus we expect our sources to be nuclear.
ANALYSING DWARF GALAXY EMISSION
Having identified 86 unique X-ray active dwarf galaxies by the matching process detailed in section 2, it is necessary to break down their emission properties to determine the nature of the X-ray source. In this section, we discuss the analysis carried out on the X-ray emission produced by the dwarf galaxies in this sample. This analysis has also been applied to a sample of 2,237 galaxies with M * > 1 × 10 10 M as a comparison since these objects are more likely to harbour AGN. Figure 3 shows the distribution of both samples of objects in mass and redshift. The dwarf galaxies, in dark blue, and high mass sample, in light blue, are plotted over the full sample of 3XMM X-ray detections within the SDSS area, in grey. Dwarf galaxies are found out to z = 0.25 and span a mass range of 3.08 × 10 6 M to 2.92 × 10 9 M . Higher mass Figure 3 . Mass against redshift for X-ray active galaxies (grey) from the MPA-JHU catalogue. Highlighted are the points that make up the dwarf galaxy (dark blue) and high mass (light blue) samples. Section 3 breaks down the X-ray emission properties of these samples.
Sample Properties
objects span a mass range 1.01 × 10 10 M to 2.84 × 10 12 M and are likely to host more luminous objects so can be detected at redshifts up to z = 0.33. Figure 4 shows the distribution of X-ray luminosities for both samples. The dwarf galaxies, in dark blue, have observed X-ray luminosities of between 2.43 × 10 36 erg s −1 and 5.35×10 42 erg s −1 ; the modal group is between 5×10 39 erg s −1 and 1 × 10 40 erg s −1 . Our dwarf galaxies are significantly less luminous than their high mass counterparts, shown in the arbitrarily-scaled light blue distribution, as expected. When identifying an AGN using only the X-ray luminosity, a threshold of 3 × 10 42 erg s −1 is typically used; (Brandt & Alexander 2015) this would classify only 3 dwarf galaxies as containing an AGN. This criterion is clearly biased against the low luminosity AGN we expect in the dwarf galaxy sample so we must analyse the emission properties further.
X-ray Contamination
Given most of the dwarf galaxy X-ray detections do not meet the suggested 3 × 10 42 erg s −1 threshold, we need to assess other aspects of the emission. One possible source of X-ray contamination is the combined emission of unresolved X-ray binary (XRBs) populations within the galaxy. To estimate the contribution these objects make to a galaxy's X-ray emission, we used the relationship provided in Lehmer et al. (2016) (see also Aird et al. (2017) ). It takes into account a galaxy's stellar mass (M * ), SFR and redshift (z) and takes the following form,
where log 10 (α 0 ) = 29.37 ± 0.15, γ = 2.03 ± 0.60, log 10 (β 0 ) = 39.28 ± 0.03 and δ = 1.31 ± 0.13 for 2 -10 keV.
The low-mass X-ray binary (LMXB) contribution is correlated to the stellar mass, the high mass X-ray binary (HMXB) contribution to the SFR and the redshift dependence accounts for changes in metallicity and evolution of the XRB population. Using this relationship, we calculated the expected emission from every dwarf galaxy's binary population, L XRB . A total of 76 galaxies were found to have an observed luminosity that is greater than L XRB . Thus, there is a significant sample of X-ray emitting dwarf galaxies whose emission cannot be accounted for solely by their XRB population.
Hot gas in the interstellar medium can also produce Xrays, which could also potentially account for some of the emission. Its contribution can be estimated using the Mineo et al. (2012b) relation,
We calculated the expected emission from the hot gas using Mineo et al. (2012b) and added this to their L XRB . It was still useful to calculate this quantity despite the relatively low magnitude of this relation as all significant alternative X-ray sources needed to be considered. However, as expected all 76 objects which already have observed emission exceeding L XRB also exceed the sum of L XRB and L Gas .
Before we accepted this sample of 76 objects as AGN hosts, a level of significance needed to be applied to allow for potential uncertainties in the observed values of the relationships used. For this reason, dwarf galaxies which met or exceeded the following X-ray excess criterion,
where L X,Obs is the observed X-ray luminosity, were considered to have sufficiently excessive X-ray emission to potentially host an AGN. Figure 5 shows the results of these calculations. A total of 61 objects highlighted in dark blue and red both have sufficiently excess emission to pass this criterion, however, they have their SFR measured in differ- log 10 (X-ray Luminosity) (erg/s) Exhibits Excess X-ray Emission (Photometric SFR) Exhibits Excess X-ray Emission (H SFR) No Excess X-ray Emission Figure 5 . X-ray luminosity as a function of photometric star formation rate for the X-ray active dwarf galaxies. A total of 56 objects (blue) have observed X-ray emission which exceeds the criterion of equation (5): possessing X-ray emission three times greater than the sum of L XRB , predicted X-ray emission from Xray binary stars, and L Gas , predicted X-ray emission from hot gas. 5 objects (red) are those which meet or exceed the excess X-ray criterion but have their SFR calculated using the Kennicutt & Evans (2012) formalism and Hα emission line. The grey points are those that did not meet the X-ray excess criterion. ent ways. The 56 dark blue galaxies have SFRs calculated using the MPA-JHU method outlined in section 2. The 5 red points, however, were flagged as having bad SFR fits by the MPA-JHU catalogue so instead we used the Kennicutt & Evans (2012) formalism and the Hα emission line flux to give an SFR. Given the Hα emission line can be contaminated by AGN light, this SFR is a conservative upper limit. X-ray detections that do not meet the criterion given by equation (5) are plotted in grey. A breakdown of the observed and calculated properties for this sample of 61 galaxies can be found in appendix B. We also calculated the same quantities and applied the same criterion to the high mass sample which reduced it to 1,316 objects.
Hardness Ratio
The nature of the emission will also affect the shape of a galaxy's X-ray spectrum; this feature can be probed by measuring the hardness ratio (HR). HRs are defined between -1 and 1, with more positive values indicating harder X-ray emission, likely from an AGN, and more negative values indicating softer emission, likely from stellar processes. It is calculated using the counts from two different energy bands, A and B,
We compare two HR bands: the soft band is the mean HR of the 0.5 -1.0 keV and 1.0 to 2.0 keV bands; the hard band is the mean HR of the 1.0 to 2.0 keV and 2.0 -4.5 keV bands. Analysing this quantity can help indicate whether the X-ray emission from our dwarf galaxy sample is coming from an AGN, rather than stellar processes. Figure 6 shows the error-weighted distribution of hardness ratios for both our X-ray detected dwarf galaxy sample and high mass comparison sample before (dotted line) and after (solid line) applying the X-ray excess criterion in equation (5). By overlaying the distributions in this way we can see equation (5) is working as intended: the emission in both distributions becomes, on average, harder. The contour lines can be seen to shift towards more positive values as objects with softer emission are removed. This effect is particularly pronounced in the high mass distribution, where a distinct group of harder emission objects had been isolated from the full high mass sample. Less strict attention was given to matching this sample so the high mass distribution, in the right-hand panel of figure 6 , is more diffuse than that of the dwarf galaxies. However, higher mass galaxies generally have a larger number of confirmed AGN, thus we know this distribution will share some of their spectral properties. To determine whether the thresholded dwarf galaxy distribution shared any similarities with AGN spectra we performed two KS tests. Firstly, the thresholded dwarf galaxy distribution was compared with the full high mass distribution but they were found to be inconsistent, with a 2D 2 sample KS test producing a p-value of 10 −3 . When both the thresholded dwarf galaxy and thresholded high mass galaxies were compared, however, a 2D 2 sample KS test showed they are consistent at a 3σ confidence. Thus the emission from our thresholded dwarf galaxy sample shows characteristics of coming from AGN. Spectra alone are not definitive in determining the source of emission. XRBs can also produce hard spectra, similar to an AGN. Plotting these spectral distributions next to each other and performing the KS tests, however, highlights similarities between the dwarf galaxy and high mass distributions which suggest the dwarf galaxy emission is dominated by AGN.
BPT CLASSIFICATION
AGN can also produce signatures detectable in the visible part of the spectrum. The central accreting black hole ionises the surrounding gas causing various emission lines to come to prominence in the galaxy's spectrum. Other processes such as star formation can also ionise a galaxy's gas and dust but the associated radiation is much softer than from an AGN. The BPT diagram plots a pair of optical emission line ratios -
-against each other to try and distinguish the source of this ionising radiation (Baldwin et al. 1981) . Given the diagnostic's popularity in the field, we investigate whether the 61 AGN hosts we identified using X-ray selection techniques would also be found by the BPT diagram. Of the 61 AGN hosts in our sample, 53 had significant detections ( Line Flux Line Flux Error > 3) in each of the required emission lines so these were used in our analysis.
The results of the BPT analysis are shown in figure . Error-weighted hardness ratios (HR) distribution for dwarf galaxy and high mass samples before (dotted line) and after (solid line) the application of the X-ray excess criterion in equation (5). The soft band is the mean hardness ratio of the 0.5 -1.0 keV and 1.0 to 2.0 keV bands; the hard band is the mean hardness ratio of the 1.0 to 2.0 keV band and 2.0 -4.5 keV bands. Applying the X-ray excess criterion shows a positive shift in HRs, indicative of possible AGN activity. Encouragingly, both samples display similarities in the shape of their spectral distribution. The plots have been smoothed using a Gaussian kernel, whose width corresponds to the sample size and dimensions of the data: ∼ 0.5 for the dwarf galaxies and ∼ 0.3 for the high mass galaxies. In addition, the points are weighted by their errors. The contours encompass 80%, 60%, 40% and 20% of the samples in each plot.
7 with our AGN hosts plotted as large, coloured points in the foreground. Black lines separate the AGN hosts into different classifications: objects with ionisation signatures predominately from AGN lie in the top-right, those dominated by star formation in the bottom-left, and those that have a composite spectra are in the central region (Kewley et al. 2001; Kauffmann et al. 2003b ). Underneath these points, the BPT classification for the 62,703 galaxies in MPA-JHU with M * ≤ 3 × 10 9 M and z ≤ 0.25 are plotted in light grey. They are dominated by star-forming objects. The dark grey points show local galaxies in MPA-JHU with an X-ray counterpart within 10". These are much more spread out but will represent a range of objects including high mass AGN-hosting galaxies. Figure 7 clearly shows that only 8 AGN hosts in our sample have been classified as an AGN by the BPT diagnostic, 1 has been classified as a composite and 44 have been classified as star-forming. Like other methods for identifying AGN, the BPT diagnostic has difficulty finding AGN in certain environments. Moran et al. (2002) notes that blue, star-forming galaxies present a challenging environment for the BPT diagnostic. The large amounts of star formation in these galaxies dominates the spectrum and hides emission from the lower luminosity AGN we expect to find.
To investigate whether star formation dominates optical emission in our AGN hosts we attempted to isolate emission from stellar and AGN processes at a single wavelength, 3450 A -the central wavelength of the SDSS u-band wavelength -to compare their magnitudes.
First, we consider the AGN emission. To ensure little contamination from stellar processes we used the X-ray emis-sion to calculate the AGN's contribution to observed optical light. Lusso & Risaliti (2016) published the α OX relation which has the form, log 10 (L ν, 2500A ) = 1 0.6 (log 10 (L ν, 2 keV ) − 7)
It relates the luminosity density at 2 keV, L ν, 2 keV to that at 2500 A, L ν, 2500A , from a sample of SDSS quasars. Assuming our dwarf galaxies follow the same relation it can provide a useful starting point in our efforts to estimate the effects of the AGN on optical observations. To find the luminosity density at 2 keV, we calculated the geometric means of 3XMM bands 2 & 3 and bands 4 & 5, giving the luminosity densities at 1 keV and 5 keV respectively. Using linear interpolation between these values we calculated L ν, 2 keV and used it in equation (7) to find L ν, 2500A . Translating L ν, 2500A to the required emission at 3450 A required the composite UV-optical quasar spectrum from Vanden Berk et al. (2001) . They model this region as a power law spectrum, f ν = cν −α , where α = 0.44. This required L ν, 2500A to be converted to flux density, f ν, 2500A which was used, first, to scale the power for each AGN host. From this an average spectrum was constructed and the flux density at 3450 A extracted.
The galaxy emission was more straightforward to find, we simply converted the SDSS U-band magnitude to a flux density at 3450 A. We then divided the predicted AGN emission at 3450 A by that from the galaxy and split each object into groups based on this value. These dictate the colours used for the AGN host points in figure 7.
A total of 50 AGN hosts have predicted optical AGN contributions less than that from galaxy emission -44 have AGN contributions > 25% of the galaxy -the majority of The large, coloured points highlight the 53 dwarf galaxies identified as likely to contain an AGN with significant emission line detections. Their colour indicates the size of predicted optical AGN luminosity compared to that coming from the galaxy, both at 3450 A -see section 4 for details on how this was calculated. The smaller, background points are defined as follows: the light grey points show all the low mass objects (M * ≤ 3 × 10 9 M ) found within the MPA-JHU highlighting a large distribution of points along the star-forming track; the dark grey points are the objects in the MPA-JHU that have an X-ray counterpart, largely dominated by the high mass AGN-like objects.
which lie in the star-forming region. This helps confirm the idea that the AGN emission in this part of the spectrum is being hidden by star formation processes, causing the BPT diagnostic to mis-classify them. Of the 2 remaining AGN hosts with an optical AGN excess, only one lies in the AGN region. This host has the largest optical AGN excess in the sample, over 10 times that of the galaxy emission. The other lies within the star-forming region because it has a much smaller excess, only 1.08 times that of the galaxy. This is likely insufficient to produce emission lines of the appropriate proportions to move it into the AGN region. This further suggests that the BPT diagnostic is biased against identifying the low-luminosity AGN we expect to see in dwarf galaxies.
Some studies have shown that the Lusso & Risaliti (2016) relation has an increased dispersion in the regime of dwarf galaxies. In addition, these galaxies may be X-ray weak relative to their UV emission, so these results could under-predict the AGN contribution (Plotkin et al. 2016; Baldassare et al. 2017) . Despite this, we have still identified a significant number of X-ray selected AGN mis-identified as star-forming galaxies. This finding is consistent with a increasing body of work suggesting that optical spectroscopic measurements are insufficient to identify AGN in these environments (Agostino & Salim 2018; Cann et al. 2019) .
SPECIFIC BLACK HOLE ACCRETION RATE
To investigate the activity of the central black holes powering our AGN we calculate their growth rates in terms of the specific black hole accretion rate (sBHAR), λ sBHAR . This compares the bolometric AGN luminosity of the galaxy with an estimate of the black hole's Eddington luminosity to give an indication of how efficiently the black hole is accreting. It is found using,
and is taken from Aird et al. (2012) . We assume that the black hole and stellar masses scale in the same way as their higher mass counterparts to get a sense of the black hole growth relative to the total galaxy mass. In order to clarify the validity of this assumption, we would need to compare this scaling relation to black hole masses but these are very difficult to accurately ascertain. Instead we looked at the morphologies of our AGN hosts to see if they are bulge dominated. Of the 36 AGN hosts found in the Galaxy Zoo DR1 (Lintott et al. 2011) , 33 have uncertain morphology and the remaining 3 are likely spirals. Despite this, we chose to cautiously continue using the relationship and present the results in figure 8 . It plots the mass of a particular host against its observed X-ray luminosity, the colour gives an indication of the sBHAR. We have also plotted lines of constant sB-HAR to give an idea of the typical mass and luminosity expected from these galaxies. The most common environment in our sample is a host of mass ≈ 10 9−9.5 M with an SMBH accreting at about 0.1% of its Eddington luminosity. None of the SMBHs are accreting very efficiently; most of this sample have an sB-HAR of less than 1% of their Eddington luminosity with the most frequent accretion rate being around 0.1%, with only one rising above 10%. In the high mass region we see a wide range of sBHARs which is restricted as we move down the mass scale. This effect is likely due to the fact that we are missing objects with lower sBHAR at low masses as less efficiently accreting hosts will be more difficult to observe (due to their extremely low X-ray luminosities), and likely won't appear on the plot because of the threshold applied in equation (5).
COMPLETENESS-CORRECTED LUMINOSITY AND ACCRETION RATE DISTRIBUTIONS
Currently our sample is subject to significant observational biases as we preferentially identify the most luminous and actively accreting AGN, this gives us a skewed picture of the distribution of AGN in the wider galaxy population. In this section we attempt to correct these biases to try and understand how the probability of a galaxy hosting an AGN as a function of luminosity and accretion rate varies across the full dwarf galaxy population.
Firstly, we made sure that our sample of AGN were consistent with the bulk of the underlying galaxy population. Figure 3 shows how the shape of the underlying galaxy distribution changes with increasing mass and that some of (8) . our observed AGN lie at a comparatively high redshift. To correct this we took galaxies of all masses in narrow bands of redshifts from MPA-JHU and worked out the mass which contained ∼ 90% of the galaxies. Through this process we defined a mass completeness limit as a function of redshift. This completeness limit was applied to the observed AGN when we created 3 mass intervals: 9 − log 10 (M * /M ) < 9.5; 8 − log 10 (M * /M ) < 9; 6.8 − log 10 (M * /M ) < 8. As a result, our sample is also limited to z ≤ 0.06.
In addition, our sample needs to be constrained so it only contains AGN with a statistically significant detection in the energy bands used in the X-ray completeness analysis. This analysis needs to be done to account for AGN that may have been missed due to the varying sensitivity of 3XMM. To do this we used Flix 2 (Carrera et al. 2007 ), 3XMM's upper limits service. It provides an upper limit, flux estimate and associated error broken down by band and instrument for the whole of 3XMM. We use the upper limits and observed fluxes from band 8 in the PN camera; not only does this band cover the entire energy range of 3XMM but it also has the greatest number of AGN hosts that meet or exceed the 3XMM's detection threshold. Thus we restricted our observed AGN sample to only those with a detection likelihood > 6 in this band. Taking this and our mass and redshift corrections into account leaves us with 28 AGN hosts in our statistical sample (these galaxies are marked with an asterisk in appendix B).
To account for the varying sensitivity, we need to characterise the distribution of X-ray detection upper limits in the region of MPA-JHU with coverage from 3XMM. There are 6,447 dwarf galaxies with matches to found within MPA-JHU and 3XMM, whose co-ordinates were uploaded to FLIX. It was able to produce X-ray flux limits at the co-ordinates of 4,331 dwarf galaxies -our parent sample. Using the dwarf galaxy's redshift, this flux limit could be turned into a luminosity. Once all the luminosity upper limits were recorded, they were converted into a cumulative histogram as a function of X-ray luminosity and normalised by the size of the parent sample. This gave us a distribution of the fraction of galaxies where an AGN could have been detected above a given X-ray luminosity, a distribution which will be referred to as the luminosity sensitivity function. We can use this information to correct the observed distributions of luminosities and account for the varying sensitivity of 3XMM, allowing us to recover estimates of the true underlying distribution of luminosities within our samples of dwarf galaxies.
To produce the probability distribution, the observed AGN in each mass interval were binned as a function of the observed X-ray luminosity. For each luminosity bin, we use the sensitivity function to determine the number of galaxies within our parent sample where the 3XMM data is sufficiently sensitive to detect an AGN of this luminosity. We then divided the total number of X-ray detections by the expected number of galaxies to provide an estimate the true probability of finding an AGN with such luminosities. This process produced the probability distributions seen in the left-hand column of figure 9. They show the probability of finding an AGN within nearby dwarf galaxies, in each mass and redshift interval, as a function of the observed X-ray luminosity.
Correcting the statistical sample of AGN with its corresponding luminosity sensitivity function has removed some of the observational bias described earlier. In contrast to the observed distribution shown in figure 4, the probability of finding an AGN generally increases as we go to lower observed X-ray luminosities. Within each mass bin we can also see a similarly large spread of observed X-ray luminosities.
To produce the errors in the probability of hosting an AGN, we used the confidence limits equations presented in Gehrels (1986) . With this we estimated the error on the number of AGN in a given luminosity bin and then propagated them as fractional errors to our probability estimates.
Up until this point we have assumed all these objects are AGN, based on the low-mass & high mass X-ray binary checks applied to our sample in section 3. Whilst the models used do consider the integrated X-ray emission from the galaxy up to around 10 39 erg s −1 , an ultra luminous X-ray object (ULX) located in the galactic centre and emitting significantly more than the rest of the galaxy could potentially have been included in this sample. To check whether or not these objects had been included in our sample, we used the Mineo et al. (2012a) X-ray luminosity function (XLF). It models the XRB populations, including ULXs, as a twopart power law normalised by the host galaxy's SFR. In each mass interval, the galaxies' XLFs were calculated and averaged to show how the average number of ULXs compared to the average number of AGN as a function of observed Xray luminosity. As can be seen on the plots in the left-hand column of figure 9, the vast majority of the data points do not overlap with the ULX XLFs. Whilst this large gap does exist, it is important to quantify how many ULXs we might expect in this sample. Stochastic star formation could produce a single, very luminous ULX which may account for some of the overlap we see in the lowest mass probability distributions. To calculate the number of ULXs we might expect, we folded the ULX luminosity function through the correction fractions extracted from the 3XMM sensitivity curve. This calculation suggests there are 1.26 individual ULX detections within our dwarf galaxy sample. Thus, the probability that 1 or more of our X-ray detections is in fact an ULX, rather than an AGN, is ∼72% whilst the probability of 2 or more contaminants is ∼36%, assuming a Poisson distribution.
It has also been noted that galaxies with lower than solar metallicities, like the dwarf galaxies being studied, have an enhanced HMXB population (Brorby et al. 2014 ). Thus the Mineo et al. (2012a) XLF could be underestimating the probability of finding a HMXB in this population of galaxies. Lehmer et al. (2019) observes this enhancement in 4 dwarf galaxies of similar masses and metallicities to those in our sample. We follow the same procedure outlined earlier in the paragraph but use the normalisations outlined in Lehmer et al. (2019) and observe some increase in the probability of finding a HMXB at any given X-ray luminosity. We have not shown this relationship on figure 9 because the small sample size means the relationship will have large and undefined uncertainties and believe plotting the relationship would appear overly definitive. When the Lehmer et al. (2019) relationship is plotted on the lowest galaxy mass panel we observe that the increase does overlap with the lower luminosity half of the fit line which suggests that some of these detections may not be AGN. However, when plotted in the higher host galaxy mass bins we see that the increase is insufficient to overlap with the probability distributions. Thus, we can be confident that the observed sample residing in the higher mass dwarf galaxies are AGN.
After confirming our sample were AGN we could confidently construct probability distributions for the sBHAR, as first considered in section 5. Observed X-ray luminosity can be affected by a number of host galaxy properties so by doing this we can reduce the observational bias whereby a black hole growing at a given accretion rate in a low mass galaxy produces a similar observable X-ray luminosity when compared to a black hole with a lower accretion rate in a higher mass host galaxy. We can also confirm whether the results shown in figure 8 are consistent with the underlying population of AGN in dwarf galaxies. We repeated the upper limits correction process described earlier but instead binned the observed and upper limits data as a function of sBHAR. The results, plotted in the right-hand column of figure 9, show a similar dynamic range to the observed X-ray luminosities that varies significantly depending on the stellar mass bin. In addition as we move down the mass scale, the average sBHAR increases. This is consistent with the results in figure 8 as lower mass galaxies require a larger sBHAR to be observed.
A power law of the following form was fit to each of these plots, log 10 (p(X)) = A + k(log 10 (X) − x )
where p(X) is the probability of observing an AGN with corresponding X-axis quantity, X. Each equation is centred at x = 40.5 for luminosity and -2.5 for sBHAR, this is the median value for each quantity in the full statistical sample. The power laws are shown as a dashed red line allowing us to more clearly identify how the probability of finding an AGN in a dwarf galaxy, within a given mass and redshift, changes as a function of observed X-ray luminosity and sBHAR. We then performed a χ 2 fit with a power law function, adopting the average of the Gehrels (1986) uncertainties as the error in each point. Parameter errors were then estimated by taking the square-root of the covariance matrix's diagonal. Using this, the uncertainty in the power laws could be highlighted as pink regions in figure 9 . These power law fits reinforce the effect of the upper limits correction, giving us insight into the true extent of black hole activity across the dwarf galaxy population. We can confidently say that, in the higher mass plots (top and middle rows), the average number of AGN in dwarf galaxies as a function of both luminosity and sBHAR are well described by a power law. The luminosity power law in both these mass bins is distinct from the Mineo et al. (2012a) XLF in both normalisation and index, highlighting the fact we have identified a distinct sample of AGN. Moreover, the luminosity power laws describing the high and middle mass samples are identical within the error regions. The sBHAR power laws do not have the same degree of similarity. However, they are very likely derived from a clean sample of AGN and their error regions are of a similar size to the luminosity power laws which suggests that sBHAR, like luminosity, could be a fundamental property of an AGN. This has been previously observed in Aird et al. (2012) for a higher redshift and higher mass sample.
A slight downward trend exists in the low mass bin but it is much more uncertain given only 4 AGN were identified in this region (compared to the 15 and 10 AGN found in the high and middle mass bins respectively). Thus each point is based on a single observation and leads to comparatively large errors.
Overall, we see that AGN in dwarf galaxies are detected emitting at a range of luminosities, driven by a correspondingly large range of accretion rates. For each mass bin, the average number of AGN increases with decreasing X-ray luminosity and sBHAR. This is consistent with other AGN population studies Aird et al. 2018) , showing we expect AGN with lower luminosities and sBHARs to be much more numerous, despite our current inability to detect them.
AGN FRACTION AS A FUNCTION OF HOST GALAXY MASS AND REDSHIFT
The fraction of galaxies that host an AGN within given mass and redshift regimes can be easily derived from the probability distributions shown in figure 9 . In this section we use the luminosity probability distributions, in the left-hand column of figure 9, to calculate robust AGN fractions above fixed luminosity limits to provide a direct comparison with previous work. 
where f (L X > L lim ) is the AGN fraction with X-ray luminosity > L min . The AGN fraction for the full range of X-ray luminosity (L X > 10 39 erg/s) are plotted in green on figure  10 at the median mass for that sample. The process was then repeated with only the higher luminosity half of the observed AGN hosts (L X > 10 40.5 erg/s), and plotted as purple squares on the same figure. Overall we see an increase in AGN fraction with host galaxy mass. This is consistent with the expectation that black holes in higher mass galaxies are near ubiquitous, thus as as the incidence of black holes increases we would expect a corresponding increase in the incidence of AGN. We also saw in section 6 that AGN with low accretion rates are more common, thus the likelihood that an AGN would produce detectable emission rises with host galaxy mass. This helps explain the large difference in AGN fraction for log 10 (L X ) > 40.5. At a fixed host galaxy mass this measurement is highlighting the higher accretion rate end of the distribution. A statistically significant increase along the higher luminosity track would suggest increasing host galaxy mass is the dominant source of increasing AGN fraction in the higher luminosity regime. However, we cannot confirm this result for the lowest stellar masses in this regime as there were no AGN observed with these properties. The upper limit presented as a triangle is based on the assumption that a single AGN does actually exist; a black hole in a host of this mass would have to be accreting at an exceptionally high rate to produce detectable luminosities. The errors on the AGN fraction as a function of host galaxy mass, f (L X > L lim ), are found by summing the errors on each data point in quadrature. For the full luminosity bin, log 10 (L X ) > 39, the errors are consistent with a constant fraction up to M * ∼ 10 9.5 M . Perhaps host galaxy mass is not the only property that affect the incidence of AGN for the bulk of the population.
Thus, we also consider how the AGN fraction varies as a function of the host galaxy's redshift. Mezcua et al. (2018) present some interesting work on this topic, looking at dwarf galaxies (10 7 < M * < 3 × 10 9 M ) in the Chandra COSMOS-Legacy survey out to z ∼ 2.4. Using similar techniques to those outlined in section 3, they identified a sample of 40 AGN which they use to study the evolution of the AGN fraction as a function of stellar mass, X-ray luminosity and redshift. Their sample allows them to measure the AGN fraction out to z ∼ 0.7 and log 10 (L X ) ∼ 42.4; we have only observed one AGN that reaches luminosities in that range.
By extrapolating the power law fit made in section 6 we can estimate the AGN fraction at higher luminosities that are not directly probed by our study. We used the power law from the high mass bin (9 < log 10 (M * /M ) < 9.5) and re-ran the X-ray upper limits analysis for the 7 − log 10 (M * /M ) < 9 used in Mezcua et al. (2018) . We calculated the predicted AGN fraction as follows, 
log10LX > 39 log10LX > 40.5 Figure 10 . AGN fraction, f (L X > L lim ), as a function of host galaxy mass for the full (green circles) and high luminosity (purple squares) samples as a function of host galaxy mass. AGN fraction increases with stellar mass in both luminosity regimes, however, the increase is more statistically significant for AGN with log 10 (L X ) > 40.5. mass limits and luminosity limits shown in figure 11 . This figure shows our results plotted as circular points at the median redshift of each luminosity and mass bin, alongside the Mezcua et al. (2018) data (square points), and from others studies as lines, regions and points. The errors in each of our AGN fractions is found by accounting for the 1σ uncertainty in the power law fit parameters. Due to the limited redshift range of MPA-JHU, our points cover only the low redshift end of the axis, however in both panels they are consistent, within the errors, with the results from prior studies shown in figure 11 .
For the lower luminosity AGN, in the upper panel, we find that our AGN fractions are consistent for both stellar mass bins showing no mass dependence. This contrasts with the results from Mezcua et al. (2018) , taken at higher redshift. However, within the large uncertainties our data is consistent with Mezcua's, so we don't find any evidence for a mass dependence in lower luminosity AGN.
Lower fractions in the bottom panel of figure 11 show that higher luminosity AGN are less abundant than their dimmer counterparts. This is consistent with earlier findings suggesting that AGN are more numerous at lower observed X-ray luminosity. Mezcua et al. (2018) suggested that the AGN fraction may decline with increasing redshift, although given the large uncertainties, their measurements are consistent with a constant AGN fraction out to z = 0.7. Our result, in this mass and redshift bin, provides an estimate at low redshift, consistent with the Mezcua results at higher redshifts. Our results, therefore, indicate that the AGN fraction in dwarf galaxies is constant with increasing redshift. f extrap (L X ) (%) Figure 11 . AGN fraction as a function of redshift for different observed X-ray luminosity ranges, adapted from Mezcua et al. (2018) . The circular points were derived from power law fits, within highlighted mass and corresponding 90% complete redshift regimes discussed in section 6. Our results are consistent with most other work in the field.
SUMMARY AND CONCLUSIONS
This study has rigorously matched a sample of dwarf galaxies from the MPA-JHU catalogue to their central X-ray counterpart from 3XMM. We then predicted the contribution that XRBs and hot gas may make to this X-ray emission based on each galaxy's mass and SFR. Any galaxies that had observed emission three times greater than what was predicted were considered likely to be host an AGN. We showed that placing this threshold, likely isolated the hardest X-ray emission in this sample. Off-nuclear emission cannot be completely ruled out given the resolution of 3XMM, however recent simulations by Bellovary et al. (2019) and observations in Reines et al. (2019) suggest that such a detection could still be an AGN. Thus, we can confidently say we have identified 61 dwarf galaxy AGN hosts. Of these AGN, 21 have been previously identified (see appendix B for details).
We then performed BPT analysis on the 53 AGN hosts with significant detections in the required emission lines to see if their optical characteristics matched their X-ray classification. We found that the vast majority of these galaxies were classified as star-forming. Our result adds to a growing body of evidence suggesting that optical selection methods may miss AGN, particularly those residing in dwarf galaxies. To investigate if star formation dominated the optical component of AGN emission, we took the X-ray emission -dominated by the AGN -and translated it down to the SDSS U-band, to find out the AGN's contribution to the host galaxy's optical emission which is compared to the observed u-band flux. All but one of the X-ray selected AGN classified as star-forming had their optical emission dominated by the galaxy. This finding shows that star formation can confuse the results from BPT diagnostics and hide the signatures of AGN.
Next we investigated the activity of the central SMBHs powering our AGN by calculating their accretion rates. We found that the SMBHs span a wide range of accretion rates but that none are accreting very efficiently. The most common environment in our sample is a host of mass ∼ 10 9−9.5 M with an SMBH accreting at about 0.1% of its Eddington luminosity. The most active SMBH has an accretion rate of ∼ 10% of its Eddington luminosity.
Finally, we attempted to correct our sample to account for AGN that could have been missed due to the varying sensitivity of 3XMM. To do this, the observed AGN sample needed to be reduced so it matched the underlying galaxy distribution and had significant detections in the appropriate 3XMM band. Thus our observed sample was reduced from 61 to statistically robust sample of 29 AGN, which were then split into 3 mass and redshift bins. To correct the observed distribution, we determined the upper X-ray flux limit at the positions of the 4,331 dwarf galaxies in MPA-JHU that lie within the 3XMM footprint. We use these flux upper limits to determine a sensitivity function that allows us to correct our observed distributions of AGN luminosities for incompleteness and recover the true probability distribution functions of AGN luminosities and specific accretion rates within the dwarf galaxy population. As a final check, the luminosity probability distributions were compared to the Mineo et al. (2012a) XLF of HMXBs and ULXs. They were found to lie above the XLF indicating that we are identifying a distinct population of AGN within dwarf galaxies and are not significantly contaminated by the detection of individual, bright ULXs within the galaxy. The probability distributions show that AGN in dwarf galaxies have a wide range of activity, with the probability of identifying an AGN being well described by a power law. AGN are more numerous at lower X-ray luminosities and sBHARs.
We used our robust measurements of the probability of hosting an AGN as a function of X-ray luminosity to determine how the incidence of AGN varies as a function of other galaxy properties. We find evidence that the fraction of galaxies with an AGN above a luminosity limit of L X > 10 39 erg/s increases as a function of stellar mass, rising from ∼ 2.7% at M * ∼ 10 7.4 M to ∼ 6% at M * ∼ 10 9.5 M . We extrapolate our measurements to higher luminosity thresholds and compare to higher redshift measurements from Mezcua et al. (2018) , finding no evidence for any evolution in the AGN fraction in dwarf galaxies between z ∼ 0.7 and z ∼ 0.03 probed by our study.
In conclusion, we have shown that AGN with a broad range of accretion rates are found across the dwarf galaxy population. Our study shows that many of these AGN will be missed by the standard optical selection tools but are revealed by the careful analysis of X-ray observations of sufficient depth. Thus, accreting central massive black holes appear to be a common feature even in at the lowest galaxy masses. Our measurements quantify the AGN fraction, providing lower limits on the incidence of massive black holes in this low-mass regime and thus crucial constraints on the physical mechanisms that determine their formation and subsequent growth. Figure A1 provides examples from our dwarf galaxy AGN sample and illustrates results of the cross-matching process. The images are ordered by increasing sky separation between the optical centre of the galaxy (black cross) and the Xray signal (magenta cross). In the top left panel, the X-ray signal is 0.3" away from the optical centre of the galaxy, and it sits well within the X-ray position error (solid circle). In contrast, the optical centre of the galaxy in the bottom right panel sits at the edge of the 3.5 × position error (dashed circle) as it lies 6.8" away from the X-ray signal. I n c r e a s i n g S e p a r a t i o n Figure A1 . A sample of 12 showing the positions of the galaxy (black cross) and X-ray source (magenta cross) surrounded associated position error (solid circle) and 3.5 × position error (dashed circle). These images are ordered by increasing sky separation between these signals. MNRAS 000, 1-19 (2020) APPENDIX B: LIST OF AGN CANDIDATES Table B1 contains data for the 61 dwarf galaxies that we identify as hosting X-ray AGN. The table is split into two sections: first are the AGN with a valid photometric SFR, followed by the AGN whose SFR was calculated using the H α luminosity and Kennicutt & Evans (2012) method. Each galaxy's co-ordinates have also been uploaded to SIMBAD and NED to check if these AGN have been previously detected. The columns are defined as follows:
• (1) Common name of galaxy taken from SIMBAD and NED. Galaxies marked with an asterisk are those which made up the statistical sample (see section 6 for more details).
• (2) A letter in this column indicates that the AGN has been identified previously. Here follows a list of the studies which have previously identified our AGN, the letters used to represent them and the wavelength range within which their study focuses: • (5) & (6) X-ray co-ordinates taken from 3XMM DR7. • (7) Separation between the optical and X-ray coordinates in arcseconds.
• (8) Total stellar mass of galaxy and associated errors in units of M . The median error for the upper/lower error on the mass is 0.1/0.08 dex.
• (9) SFR and associated errors in units of M yr −1 . The median error for the upper/lower error on the SFR is 0.27/0.21 dex.
• (10) Observed 2-12keV X-ray luminosity and associated errors, taken from 3XMM, in units of erg/s.
• (11) Predicted 2-12keV X-ray luminosity (L XRB + L Gas ; see section 3 for more information) in units of erg/s. 
(2) Table B1 : Data for all 61 dwarf galaxies believed to be strong candidates for hosting an AGN.
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